We studied the role of lateral hypothalamus (LH) in context-induced reinstatement (renewal) of reward seeking. Rats were trained to respond for 4% (v/v) alcoholic beer or 10% (w/v) sucrose reward in one context (Context A) before extinction training in a second context (Context B). On test, rats were returned to the training context, A (ABA), or the extinction context, B (ABB). Return to the training context (ABA) produced robust reinstatement. Reversible inactivation of LH via baclofen/muscimol infusion prevented context-induced reinstatement of beer and sucrose seeking. This prevention was specific to bilateral infusions into LH. We then used the retrograde neuronal tracer cholera toxin b subunit (CTb) combined with detection of the c-Fos protein to identify activated afferents to LH during contextinduced reinstatement of beer seeking. Double labeling for c-Fos and CTb revealed a significant recruitment of LH-projecting neurons in nucleus accumbens shell (AcbSh) during reinstatement. These afferents could be classified into two anatomically and functionally distinct groups. First, afferents in the ventral AcbSh projecting to LH were activated during reinstatement. Second, afferents in the dorsomedial AcbSh projecting to LH were activated during test in the extinction context. These recruitments were specific to an AcbSh-LH pathway because they were not observed following CTb injection into the immediately adjacent perifornical hypothalamus. These results show that LH is critical for context-induced reinstatement of reward seeking and that parallel striatal-hypothalamic pathways are recruited following return to the training versus extinction contexts.
Introduction
The contexts where drug self-administration is extinguished exert profound control over drug seeking. used a renewal design (Bouton and Bolles, 1979) and reported that rats trained to self-administer a heroin-cocaine mixture in one context, context A, and then extinguished in a second, different context, context B, showed a pronounced reinstatement of extinguished drug seeking when tested in context A. This context-induced reinstatement or renewal of extinguished drug seeking has since been reported for a variety of drug rewards including cocaine Fuchs et al., 2007; Hamlin et al., 2008) , heroin (Bossert et al., 2004) , alcohol Zironi et al., 2006; Hamlin et al., 2007; Marinelli et al., 2007) , and nicotine (Diergaarde et al., 2008) , as well as the natural reward sucrose (Hamlin et al., 2006) . Renewal is a signature phenomenon of extinction (Bouton, 2002) . It shows that extinction training does not erase the original learning that mediates drug seeking but instead imposes a mask on that learning to actively inhibit drug seeking in the extinction context. Studies using microinjections of dopamine and glutamate receptor antagonists, as well as reversible inactivation via baclofen/ muscimol or tetrodotoxin infusion, have implicated hippocampus, basolateral amygdala (BLA), nucleus accumbens shell (AcbSh), nucleus accumbens core (AcbC), ventral tegmental area (VTA), and dorsomedial prefrontal cortex (dmPFC) in contextinduced reinstatement of drug seeking (Bossert et al., 2004 (Bossert et al., , 2006 (Bossert et al., , 2007 Fuchs et al., 2005 Fuchs et al., , 2007 Fuchs et al., , 2008 . Recently, we have used c-Fos expression to identify the neural correlates of context-induced reinstatement. We have characterized these correlates for renewal of cocaine (Hamlin et al., 2008) , alcoholic beer (Hamlin et al., 2007) , and sucrose (Hamlin et al., 2006) seeking. In each case, renewal was selectively associated with c-Fos induction in lateral hypothalamus (LH). To date there has been no investigation of the role of LH in renewal of extinguished drug seeking but a variety of additional lines of evidence support its potential involvement. For example, LH has long been implicated in regulating primary reward and feeding (Hoebel, 1979; Kelley, 2004) and, more recently, responding to drug-associated stimuli (Harris et al., 2005 (Harris et al., , 2007 . Moreover, the neuropeptide orexin, which originates in hypothalamus, has been implicated in reinstatement of drug seeking. Stimulation of orexin receptors can reinstate conditioned place preference (Harris et al., 2005) whereas the orexin antagonist SB 334867 prevents cue or yohimbine induced reinstatement of extinguished alcohol seeking (Lawrence et al., 2006; Richards et al., 2008) as well as stress induced reinstatement of cocaine seeking (Boutrel et al., 2005) .
We studied the role of LH in renewal of reward seeking for both a natural reward and a drug reward. We used complementary functional and neuroanatomical approaches to study the role of LH in renewal. First, we used infusions of muscimol/ baclofen to functionally inactivate LH on test. Second, we combined retrograde neuronal tracing from LH with a marker of cellular activation, c-Fos, to study activation of LH afferents during renewal.
Materials and Methods
Subjects. Subjects were experimentally naive male Long-Evans rats (250 -350 g) obtained from a commercial supplier (Monash Animal Services). After arrival, rats were housed in groups of eight in plastic cages. Rats in the beer experiment were maintained on a 12 h reverse light/dark cycle (lights on at 7:00 P.M.), whereas rats in the sucrose experiment were maintained on 12 h light/dark cycle (lights on at 7:00 A.M.). This difference in housing was due to laboratory renovation and did not impact on the results. The procedures were approved by the Animal Care and Ethics Committee at the University of New South Wales and conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals , revised 1996. The procedures were designed to minimize the number of animals used.
Behavioral apparatus. For all experiments, training, extinction, and test were conducted in two sets of four chambers which differed in their visual (brightly lit vs dark), tactile (Perspex vs grid floors), and olfactory (rose oil vs peppermint essence) properties. For all chambers [24 cm (length) ϫ 30 cm (width) ϫ21 cm (height)], the front and rear walls as well as the roof were constructed of clear Perspex, and the end walls were made of stainless steel. In all chambers, two nose poke holes, containing a white cue-light, were located on one side wall of the chamber 3 cm above a grid floor. A recessed magazine was located behind a 4 ϫ 4 cm opening in the center of the same wall, between the two nose pokes. Responding on one (active) nose poke resulted in delivery of the reward to the magazine whereas responding on the other (inactive) nose poke had no programmable consequences. In one set of chambers the floor consisted of stainless steel rods, 4 mm in diameter, spaced 15 mm apart (center to center). These chambers were located in sound and light attenuating cabinets equipped with fans providing constant ventilation and low level background noise. There was no illumination in these chambers other than that provided by the white cue light recessed in the nose pokes. Dilute rose oil was placed in the bedding beneath these chambers. In the second set of chambers the floors consisted of Perspex. These chambers were located in sound and light attenuating cabinets equipped with fans providing constant ventilation and low level background noise. Illumination was provided by a 28 V house light. Dilute peppermint essence was placed in the bedding beneath the chambers. These two sets of chambers were fully counter-balanced to serve as contexts A and B.
Behavioral testing procedures. The behavioral procedures were similar for all experiments. On the first 2 d, the animals received 20 min magazine training sessions in both chambers. During these sessions, there were 10 noncontingent deliveries of 0.6 ml of the reward (4% alcohol (v/v) decarbonated beer or 10% sucrose (w/v) solutions) at time intervals variable around a mean of 1.2 min. On the next 7 d, animals were placed in Context A for 1 h per day. During this time responding on the active nose poke was rewarded, on an FR-1 schedule with 24 s timeout, by delivery of 0.6 ml of the reward (beer or sucrose) to the magazine. Responses on the inactive nose poke were recorded but had no programmable consequences. For the next 4 d, rats received extinction training in context B for 1 h per day. During this training, responses on either nose poke had no programmable consequences but were recorded. Rats in the beer experiment received 4 d of extinction training whereas rats in the sucrose experiment received 5 d of extinction training. This difference was due to more variable levels of responding during extinction training in the sucrose experiment. These parameters were chosen based on our past research which shows robust acquisition, extinction, and renewal of responding under these conditions (Hamlin et al., 2006 (Hamlin et al., , 2007 (Hamlin et al., , 2008 . At the end of extinction training, rats were allocated, based on responding during acquisition and extinction training, to one of four groups: training context A (ABA) B/M, ABA PBS, extinction context B (ABB) B/M, or ABB PBS. Twenty-four hours after the final extinction training session, rats were infused with either vehicle (PBS) or B/M (baclofen/muscimol), and then placed in either Context A or Context B for 1 h. During this time, responses on either nose poke had no programmable consequences but were recorded.
Surgery. Before all behavioral testing, animals were either implanted with bilateral guide cannula directed toward the LH, or received a unilateral microinjection of CTb in the LH. Rats were injected intraperitoneally with 1.3 ml/kg of the anesthetic ketamine (Ketapex; Apex Laboratories) at a concentration of 100 mg/ml and with 0.3 ml/kg of the muscle relaxant xylazine (Rompun; Bayer) at a concentration of 20 mg/ml. Each rat was placed in the stereotaxic apparatus (Model 900, Kopf), and the incisor bar was maintained at ϳ3.3 mm below horizontal to achieve a flat skull position.
Rats in the LH inactivation studies were implanted with bilateral cannula directed at the LH. A hand drill was used to expose the brain surface and a 26-gauge guide cannula (Plastics One) was implanted in each LH ; distances in mm from bregma). The guide cannula was fixed in position with dental cement and anchored with jeweller's screws. A dummy cannula was kept in the guide at all times, except during microinjections.
Rats in the retrograde tracing experiment received microinjections of CTb to the right LH. A 30-gauge needle attached to a 1 l Hamilton syringe was lowered into the right LH (A-P: Ϫ2.3; M-L: Ϫ1.8; D-V: Ϫ8.6; distances in mm from bregma) and 40 nl of 1% low salt CTb (List Biological Laboratories) was injected using a manual stereotaxic injector (Stoelting). Injections were conducted over 1 min and the needle was left in place for 10 min before removal to allow for diffusion and to reduce spread up the injection tract.
Immediately after surgery, rats received intramuscular injections of 0.15 ml of a 300 mg/ml solution of procaine penicillin and 0.1 ml of 100 mg/ml cephazolin sodium, and subcutaneous injections of 5 mg/kg carprofen. Rats were allowed 5 d to recover from surgery, during which time they were weighed daily. At the conclusion of the LH inactivation experiments, rats were given an overdose of sodium pentobarbital, and their brains were removed. Unfixed brains were sectioned coronally at 40 m through the LH. Every third section through the cannula placements in LH was collected on a glass slide and subsequently stained with cresyl violet. Cannula placements were verified at the microscope by the boundaries defined by Paxinos and Watson (1997) .
Infusions. For intracranial infusions, the injection cannulae were connected to 10 l Hamilton syringes mounted on an infusion pump. A combination of baclofen (1.0 mM; Sigma-Aldrich) and muscimol hydrobromide (0.1 mM; Sigma-Aldrich) or PBS vehicle, pH ϭ 7.2, were infused at volumes of 0.5 l over 2 min, and the injection cannulae left in place for 2 min after the infusion. To minimize unintended spread, we used a dose of B/M that has been used in the past to demonstrate functional differentiation between the nucleus accumbens core and shell (Fuchs et al., 2008) . To explicitly control for diffusion, rats in the beer experiment had cannulae directed dorsal (the most likely location of diffusion) to the LH. These rats were injected with B/M before test.
Immunohistochemistry. Rats in the retrograde tracing experiment were returned to their home cage at the end of the 1 h test session. At 2 h after being placed in the testing chambers, rats were deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and perfused transcardially with 50 ml of 0.9% saline, containing 1% sodium nitrite and heparin (5000 i.u./ml), followed by 400 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. Brains were postfixed for 1 h in the same fixative and placed in 20% sucrose solution overnight. Brains were blocked using a matrix aligned to the atlas of Paxinos and Watson (1997) , and 40 m coronal sections were cut using a cryostat (Microm HM560, Microm International). Four serially adjacent sets of sections were obtained from each brain and stored in 0.1% sodium azide in 0.1 M PBS, pH 7.2. One series of sections through the LH was selected from each rat and immunofluorescence was used to determine CTb injection sites. Free-floating sections were washed repeatedly in 0.1 M PBS, pH 7.2, followed by a 2 h incubation in PBS, pH 7.2, containing 10% NHS and 0.5% Triton X-100. Sections were then incubated in goat anti-choleragenoid (1:5000; List Biological Laboratories), diluted in 0.1 M PBS, pH 7.2, containing 0.1% sodium azide, 2% NHS and 0.2% Triton X-100, and incubations were for 48 h at room temperature, with gentle agitation. After washing off unbound primary antibodies, sections were then incubated for 4 h at room temperature in donkey anti-sheep FITC (1:500; Jackson Immunoresearch Laboratories), diluted in 2% NHS PBT-X. After washing off unbound secondary antibodies, sections were mounted onto gelatintreated slides and coverslipped with buffered glycerol, pH 8.6.
A second series of sections was used to reveal c-Fos in combination with CTb using two-color peroxidase immunohistochemistry. Freefloating sections were washed repeatedly in 0.1 M PB, pH 7.4, followed by two 30 min washes in 50% ethanol, the second of which contained 3% H 2 O 2 , and were then incubated in 5% normal horse serum (NHS) in PB, pH 7.4, for 30 min. Sections were incubated in rabbit antiserum against c-Fos (1:5000; c-Fos (4), s.c.-52, Santa Cruz Biotechnologies), which was mixed with goat anti-choleragenoid (1:5000; List Biological Laboratories). These primary antibodies were diluted in 0.1 M PB, pH 7.4, containing 2% NHS and 0.2% Triton X-100 (PBT-X), and incubations were for 48 h at 4°C, with gentle agitation. After washing off unbound primary antibodies, sections were incubated overnight at room temperature in biotinylated donkey anti-rabbit IgG (1:1000; Jackson Immunoresearch Laboratories) diluted in 2% NHS PBT-X. After washing off unbound secondary antibody, sections were incubated for 2 h at room temperature in ABC reagent (Vector Elite kit: 6 l/ml avidin and 6 l/ml biotin; Vector Laboratories). Black immunoreactive (IR) nuclei labeled for c-Fos were revealed by a nickel-intensified diaminobenzidine reaction, with peroxide being generated by glucose oxidase. To do this sections were washed in PB, followed by 0.1 M acetate buffer, pH 6.0, and then incubated for 15 min in 0.1 M acetate buffer, pH 6.0, containing 2% nickel sulfate, 0.025% 3,3-diaminobenzidine, 0.004% ammonium chloride, and 0.02% D-glucose. The peroxidase reaction was started by adding 0.2 l/ml glucose oxidase and stopped using acetate buffer, pH 6.0. Brain sections were then washed in PB and processed again, in a similar manner using biotinylated donkey anti-sheep IgG (1:1000; Jackson Immunoresearch Laboratories) but without nickel-intensification to localize IR for CTb, revealed as a brown reaction product. Sections were mounted onto gelatin-treated slides, dehydrated, cleared in histolene, and coverslipped with DePeX.
Neuronal counting. Counts of neurons IR for c-Fos and CTb were conducted through the rostro-caudal extent of each brain region of interest by an observer unaware of group allocations. All sections counted were 160 m apart. The brain regions analyzed were: prelimbic and infralimbic cortex over four sections beginning at ϩ 3.20 mm; nucleus accumbens core and shell over six sections beginning at ϩ 1.70 mm; paraventricular thalamus anterior over six sections beginning at Ϫ1.3 mm, middle over 3 sections beginning at Ϫ2.30 mm, posterior over four sections beginning at Ϫ3.14 mm; ventral tegmental area over six sections beginning at Ϫ5.20 mm; dorsal raphe over 6 sections beginning at Ϫ7.30 mm; locus ceruleus over six sections beginning at Ϫ9.16 mm. All coordinates given are distance from bregma according to the rat brain atlas of Paxinos and Watson (1997) .
Data analysis. The numbers of responses were recorded during training, extinction, and test. These data were analyzed by means of planned orthogonal contrast testing procedure that preserved the factorial design. The planned orthogonal contrast testing procedure generates 1 df for 1 with 2 defined normally as J (n-1) (Harris, 1994) . A multivariate approach to repeated measures was adopted which treats each family of within subject contrasts (i.e., main effects on days, manipulanda, and their associated interaction terms) with their own error terms generating a more powerful analysis of repeated measures data (O'Brien and Kaiser, 1985) . The type I error rate (␣) was controlled at 0.05 for each contrast tested (Harris, 1994) . The reader is referred to Harris (1994) and O'Brien and Kaiser (1985) for detailed descriptions of these analyses. The means of the total counts of c-Fos-IR, CTb-IR, and c-Fos/CTb double-IR neurons in each brain region were analyzed by ANOVA.
Results

Functional inactivation of the LH during context-induced reinstatement of sucrose seeking
In this experiment rats were implanted with bilateral cannulae targeting LH. They were then trained to respond for 10% sucrose in context A before extinction training in a second, different context, context B. Half the rats were tested for responding in the extinction context (ABB) whereas the remainder were tested for responding in context A (ABA). Rats in each group received infusions of either the GABA B agonist baclofen and GABA A agonist muscimol or PBS into LH before test. Figure 1 A-E shows bilateral injection cannula placements. The plotted points represent the ventral point of the cannula track. Six rats were excluded from the primary analyses due to misplaced cannulae. Of these rats, four were in group ABA-B/M. The data from these rats, group ABA-B/M Misplaced, were used in secondary analyses to confirm the neuroanatomical specificity of the effects observed. Figure 1 E shows cannula placements for group ABA-B/M Misplaced. The final group sizes were: ABA B/M, n ϭ 6; ABA PBS, n ϭ 7; ABB B/M, n ϭ 6; ABB PBS n ϭ 6; ABA B/M Misplaced, n ϭ 4.
Histology
Behavior
All rats acquired high levels of responding during training. The mean volume of sucrose earned and consumed per 1 h session was 21.73 ml, there were no difference across groups in the total sucrose earned (F (1,21) Ͻ 1; p Ͼ 0.05), and total active nose pokes per session (F (1,21) Ͻ 1; p Ͼ 0.05). The left panel of Figure 1 F shows the mean (ϮSEM) levels of responding across the five extinction days. There were no differences between groups during extinction (F (1,21) Ͻ 1; p Ͼ 0.05) so the data were collapsed across the four groups (ABA B/M; ABA PBS; ABB B/M; ABB PBS) in Figure 1 F. During extinction, there was significantly more responding on the active than inactive nose poke, averaged across days (F (1,21) ϭ 114.1; p Ͻ 0.0001). There was a significant decrease in overall levels of responding across extinction training (F (1,21) ϭ 79.7; p Ͻ 0.0001). There was a significant interaction so that the decrease in responding on the active nose poke was greater than the inactive nose poke across the course of extinction training (F (1,21) ϭ 97.9; p Ͻ 0.0001).
The right panel of Figure 1 F shows the mean (ϮSEM) levels of responding on test. There was an overall significant difference in level of responding between groups ABA and groups ABB (F (1,21) ϭ 27.4; p Ͻ 0.0001). There was an overall significant difference in level of responding between groups B/M and groups PBS (F (1,21) ϭ 11.1; p Ͻ 0.01). There was an overall significant difference in responding on the active versus inactive nose poke (F (1,21) ϭ 58.6; p Ͻ 0.0001). Finally, there was a significant three-way interaction between infusion type, context of test, and manipulanda which shows that the reduction in renewal in group ABA B/M was specific to the active nose poke (F (1,21) ϭ 9.59; p Ͻ 0.01). Further analyses confirmed the presence of renewal and its attenuation by LH B/M. There was significantly more responding on the active nose poke in group ABA PBS versus group ABB PBS (F (1,21) ϭ 38.02; p Ͻ 0.0001). Infusion of B/M into LH prevented this renewal because there was significantly less responding on the active nose poke in group ABA B/M versus group ABA PBS (F (1, 21) ϭ 21.92; p Ͻ 0.0001). There was no significant difference in active nose poke responding between groups ABB PBS and ABB B/M (F (1,21) Ͻ 1; p Ͼ 0.05). This demonstrates that bilateral inactivation of LH before test selectively reduces renewed responding on the active nose poke. The neuroanatomical specificity of the effect of bilateral LH infusions of B/M was confirmed by analyzing data from group ABA B/M Misplaced. The level of responding in this group was no different from group ABA PBS (F (1,8) Ͻ 1; p Ͼ 0.05). In contrast, there was a significant difference between group ABA B/M and group ABA B/M Misplaced (F (1,8) ϭ 8.56; p Ͻ 0.05). This shows that infusions of B/M into regions near the LH had no effect on context-induced reinstatement. It confirms the neuroanatomical specificity of the disruption of renewal by bilateral B/M infusion into LH.
Functional inactivation of the LH during context-induced reinstatement of beer seeking
In this experiment rats were implanted with bilateral cannulae targeting LH. They were then trained to respond for 4% alcoholic beer in context A before extinction training in a second, different context, context B. Half the rats were tested for responding in ABB, whereas the remainder were tested for responding in ABA. Rats in each group received infusions of either the GABA B agonist baclofen and GABA A agonist muscimol or PBS into LH before test. Figure 2 A-F shows bilateral injection cannula placements. The plotted points represent the ventral point of the cannula track. 14 rats were excluded from the primary analyses due to misplaced cannulae. Of these rats, 5 were in group ABA B/M and each of these rats had one correct and one misplaced cannula (Fig. 1 E) . The data from these rats, group ABA UNI B/M, were used in secondary analyses to confirm the neuroanatomical specificity of the effects observed. The final groups sizes were: group ABA B/M, n ϭ 6; ABA PBS, n ϭ 7; ABB B/M, n ϭ 6; ABB PBS n ϭ 7; ABA UNI B/M, n ϭ 5; ABA Dorsal B/M, n ϭ 6.
Histology
Behavior
All rats acquired high levels of responding during training. The mean volume of beer earned and consumed in each 1 h acquisition session was 22.0 ml (0.88 ml of 100% EtOH), there were no difference across groups in the total beer earned (F (1,22) Ͻ 1.7; p Ͼ 0.05), and total active nose pokes per session (F (1,22) Ͻ 1; p Ͼ 0.05). The left panel of Figure 2G shows the mean (ϮSEM) levels of responding across the four extinction days. There were no differences between groups during extinction (F (1,22) Ͻ 1; p Ͼ 0.05) so the data were collapsed across the four groups (ABA B/M, ABA PBS, ABB B/M, ABB PBS) in Figure 2G . During extinction, there was significantly more responding on the active than inactive nose poke, averaged across days (F (1, 22) ϭ 61.53; p Ͻ 0.0001). There was a significant decrease in overall levels of responding across extinction training (F (1,22) ϭ 72.08; p Ͻ 0.0001). There was a significant interaction so that the decrease in responding on the active nose poke was greater than the inactive nose poke across the course of extinction training (F (1,22) ϭ 90.72; p Ͻ 0.0001).
The right panel of Figure 2G shows the mean (ϮSEM) levels of responding on test. There was an overall significant difference in level of responding between group ABA and group ABB (F (1,22) ϭ 10.04; p Ͻ 0.01). There was an overall significant difference in level of responding between group B/M and group PBS (F (1,22) ϭ 6.54; p Ͻ 0.05). There was an overall significant difference in responding on the active versus inactive nose poke (F (1,22) ϭ 13.85; p Ͻ 0.001). Finally, there was a significant three-way interaction between infusion type, context of test, and manipulanda which shows that the reduction in responding in group ABA B/M was specific to the active nose poke (F (1, 22) The neuroanatomical specificity of the effect of bilateral LH infusions of B/M was confirmed by controls which included infusions 2 mm dorsal to the LH, or unilateral inactivation of LH. The level of responding on ABA test in rats that received bilateral infusions of B/M 2 mm dorsal to LH was no different from rats that received bilateral infusions of PBS into LH (F (1,11) Ͻ1; p Ͼ 0.05). In contrast, there was a significant difference in responding on ABA test between rats that received bilateral infusions of B/M into LH and rats that received bilateral infusions of B/M 2 mm dorsal to LH (F (1,10) ϭ 13.93; p Ͻ 0.01). The level of responding on ABA test in rats that had unilateral inactivation of the LH due to one correctly placed cannula and one misplaced cannula was no different from rats that received bilateral infusions of PBS (F (1,10) Ͻ 1; p Ͼ 0.05). In contrast, there was a significant difference in levels of responding on ABA test between rats that received bilateral B/M infusions into LH and rats that received unilateral B/M infusions into LH (F (1,9) ϭ 14.05; p Ͻ 0.01). These findings confirm the neuroanatomical specificity of the disruption of renewal by bilateral B/M infusion into the LH.
Retrograde tracing from the LH during context-induced reinstatement of beer seeking
In this experiment we combined retrograde neuronal tracing from LH, using cholera toxin subunit B, with a marker of cellular activation, c-Fos, to identify activated LH afferents during renewal of beer seeking. We examined major afferents to the LH (Table 1) but focused especially on AcbSh. AcbSh is a major source of projections to LH (Heimer et al., 1991; Zahm and Brog, 1992; Zahm and Heimer, 1993; Kirouac and Ganguly, 1995; Usuda et al., 1998) . Two groups, group ABA LH and group ABB LH, received application of CTb tracer to LH before training and testing for ABA renewal as described previously. A third group, group ABA PeF, received application of CTb tracer to the immediately adjacent perifornical hypothalamus (PeF) before training and testing for renewal. Group ABA PeF was included to allow inferences about the neuroanatomical specificity of any double c-Fos/CTb labeling observed in group ABA LH.
Behavior
All rats acquired high levels of responding during training. The mean volume of beer earned and consumed in each 1 h acquisition session was 22.71 ml (0.91 ml of 100% EtOH), there were no difference across groups in the total beer earned (F (1,8) Ͻ 1; p Ͼ 0.05), and total active nose pokes per session (F (1,8) Ͻ 1; p Ͼ 0.05). The left panel of Figure 3A shows the mean (ϮSEM) responses during extinction and test. There were no overall differences between groups during extinction (F (1,8) Ͻ 1; p Ͼ 0.05). There was significantly more responding on the active than inactive nose poke, averaged across days of extinction (F (1,8) ϭ 59.3; Figure 3 , B and C, shows photomicrographs of representative CTb injections in LH and PeF, respectively. Figure 4 shows the maximum spread of each individual case of CTb injection plotted on coronal sections based on the atlas of Paxinos and Watson (1997) . Five rats were excluded from the analysis due to CTb injections spreading beyond the boundaries of either LH or PeF. The distribution of retrograde-labeled CTb-IR neurons after CTb injection into LH was similar to previous studies (Petrovich et al., 2001; Hamlin et al., 2008) and included prefrontal cortex, nucleus accumbens, paraventricular thalamus, ventral tegmental area, dorsal raphe, and locus ceruleus. Figure 3D shows a representative photomicrograph of Acb in rats with a CTb injection in LH, and Figure 3E shows a representative photomicrograph of Acb in rats with a CTb injection in PeF. Retrograde-labeled cells in Acb were more pronounced following CTb injection into LH than PeF. Table 1 shows mean and SEM total c-Fos-IR and CTb-IR neurons for all brain regions examined. Table 2 shows the number of dual-IR c-Fos/CTb neurons, percentage of c-Fos-IR neurons labeled with CTb-IR, and percentage of CTb-IR neurons labeled with c-Fos-IR. The initial analysis was based on counts of c-Fos-IR, CTb-IR, and c-Fos/CTb-IR neurons. Figure 3F shows mean (ϮSEM) total c-Fos, single c-Fos, and dual c-Fos/CTb IR for AcbSh. Our past research has shown an important difference between c-Fos expression in ventral (AcbShV) and dorsomedial (AcbShDm) AcbSh during ABA renewal (Hamlin et al., 2007) . We have previously shown that renewal associated c-Fos induction is detected only in AcbShV. We therefore examined c-Fos-IR, CTb-IR, and dual c-Fos/CTb-IR in AcbShV and AcbShDm separately.
Injections sites and distribution of retrogradelabeled neurons
Distribution of c-Fos-IR in LH and PeF afferents
In AcbShV there was a significant difference between groups ABA and ABB in total c-Fos-IR nuclei (F (1,8) ϭ 10.1; p Ͻ 0.05). This replicates our previously published finding that renewal of beer seeking is associated with c-Fos induction in AcbShV (Hamlin et al., 2007) . A similar significant difference between groups ABA and ABB was observed for single c-Fos-IR (F (1, 8) Recent research has implicated AcbC in renewal of extinguished cocaine seeking (Fuchs et al., 2008) . We therefore also examined group differences in AcbC. Consistent with our past findings, there was no significant difference between groups ABA versus ABB in total (F (1,8) Ͻ 1; p Ͼ 0.05) or single c-Fos-IR nuclei (F (1,8) Ͻ 1; p Ͼ 0.05) in AcbC. There were significantly more CTb-IR neurons in AcbC after CTb injection in LH versus PeF (F (1,8) ϭ 10.7; p Ͻ 0.05), but no difference between groups ABA and ABB in total CTb-IR neurons after CTb injection in LH (F (1,8) ϭ 1.4; p Ͼ 0.05). There was also no significant difference between groups ABA versus ABB in c-Fos/CTb dual-IR after CTb injection in LH (F (1,8) Ͻ 1; p Ͼ 0.05).
The only other structure which revealed a significant difference between groups was the anterior portion of the paraventricular thalamus. In this region, there were significantly more c-Fos/CTb dual-IR neurons in group ABA after CTb injection into PeF versus groups ABA and ABB after CTb injection into LH (F (1,8) ϭ 10.2; p Ͻ 0.05) but no difference between groups ABA and ABB after CTb injection into LH (F (1,8) Ͻ 1; p Ͼ 0.05). This could indicate a role for projections from anterior paraventricular thalamus (PVT) to PeF in renewal but is difficult to interpret due to absence of an ABB group also injected with CTb into PeF. As noted above, Group ABA PeF was included to allow inferences about the neuroanatomical specificity of any double c-Fos/ CTb-IR observed in group ABA LH. Nonetheless, this finding suggests further research studying activated afferents to PeF during renewal may be worthwhile.
The statistical analyses described above were repeated for dual-IR based on percentage of c-Fos-IR neurons expressing CTb-IR as well as for percentage of CTb-IR neurons expressing c-Fos-IR. These analyses revealed the same significant and nonsignificant differences between groups as described above for each brain region examined. The single exception was VTA. Analysis of VTA based on percentage of c-Fos-IR neurons expressing CTb-IR revealed a significant difference between groups ABA and ABB after CTb injection into LH (F (1, 8) ϭ 18.2; p Ͻ 0.05) with significantly greater dual-labeling in group ABB. Likewise there was a significant difference in percentage of c-Fos-IR neurons expressing CTb-IR after CTb injection into LH versus PeF (F (1,8) ϭ 14.4; p Ͻ 0.05).
Discussion
We used complementary functional and neuroanatomical approaches to study the role of LH in renewal of reward seeking. Extinction of reward seeking is context specific. Responding for either sucrose or an alcoholic beer reward was low when tested in the extinction context but was renewed when tested in the original training context. This highlights the important role for contexts in regulating reinstatement of drug seeking Crombag et al., 2008) . Renewal of both sucrose and beer seeking depended upon LH. Reversible inactivation of LH via B/M infusions before test prevented renewal. This prevention was behaviorally specific because reversible LH inactivation had no effect on responding in the extinction context. Moreover, this prevention was neuroanatomically specific because unilateral B/M infusion into LH or bilateral infusions of B/M dorsal to LH had no effect on renewal. Together, these findings show that LH is required for renewal of extinguished reward seeking. Previous experiments have shown an increase in c-Fos expression in LH neurons during renewal of extinguished sucrose (Hamlin et al., 2006) , alcoholic beer (Hamlin et al., 2007) , and cocaine seeking (Hamlin et al., 2008) . These experiments show a causal role for LH in renewal across two different reward types, adding to a growing body of evidence that LH is important for learning about and responding to reward associated stimuli (Harris et al., 2005 (Harris et al., , 2007 .
We used dual-immunohistochemistry to identify activated afferents during renewal of beer seeking. CTb injection into LH produced a pattern of retrograde labeling similar to that reported previously (Petrovich et al., 2001 (Petrovich et al., , 2005 Yoshida et al., 2006) supporting the validity of the tracing approach. Of these afferents, differences in dual-IR for c-Fos and CTb were only observed for AcbSh, suggesting that AcbSh is a critical afferent to LH during renewal of beer seeking. The overall numbers of dual-labeled neurons in AcbSh were relatively low. However distinct neuronal ensembles in nucleus accumbens are associated with seeking or receipt of distinct rewards so that only a restricted population of LH-projecting neurons might have been able to be recruited under present conditions (Carelli and Wondolowski, 2003; Deadwyler et al., 2004; Roitman et al., 2005) . The functional significance of an Acb-LH pathway in reinstatement of reward seeking remains to be verified but it has been established in other preparations (Kelley, 2004) , and the present results suggest that this pathway is relevant to understanding reinstatement of reward seeking. Interactions between AcbSh and LH during contextinduced reinstatement were observed for two anatomically distinct groups of AcbSh neurons. First, there were significantly more activated LH projection neurons in AcbShV of group ABA showing that context-induced reinstatement is associated with recruitment of a direct AcbShV-LH pathway. This recruitment was specific to LH because it was not observed for PeF-projecting AcbShV neurons. It is unlikely that the greater dual-IR c-Fos/ CTb in AcbShV of LH ABA rats was a result of increased numbers of IR cells overall. Increased dual-IR c-Fos/CTb does not necessarily follow from the presence of c-Fos and CTb IR or differences between groups in IR. For example, there were significant differences between groups in dual-IR c-Fos/CTb in AcbShDm despite no differences in total c-Fos-IR or total CTb-IR. There were large numbers of single CTb-IR and single c-Fos-IR neurons in AcbC as well as infralimbic PFc (ilPFc) and prelimbic prefrontal cortex (plPFc) but no differences between groups in dual-IR c-Fos/CTb. Moreover, we have not detected dual-IR c-Fos/CTb in AcbSh (after CTb injection into LH) or in LH (after CTb injection into VTA) during renewal of cocaine seeking despite large numbers of single c-Fos-IR and CTb-IR neurons and differences between groups in single-IR c-Fos in these regions (Hamlin et al., 2008) .
AcbSh is critical for renewal. AcbSh infusion of D 1 dopamine receptor antagonists attenuates renewal of heroin seeking (Bossert et al., 2007) , whereas B/M infusions attenuate renewal of cocaine seeking (Fuchs et al., 2008) . AcbSh neurons respond to stimuli associated with drug-availability (Ghitza et al., 2003) , and increased c-Fos in the AcbShV is associated with renewal (Hamlin et al., 2007) . A D 1 dopamine receptor antagonist prevents the increased c-Fos expression in LH during renewal (Hamlin et al., 2006 (Hamlin et al., , 2007 , consistent with a role for AcbSh in LH contributions to renewal. An AcbSh-LH pathway has been implicated in feeding (Kelley, 1999 (Kelley, , 2004 Stratford and Kelley, 1999) . For example, inhibition of AcbSh by GABA agonists increases feeding in sated rats in an LH-dependent manner (Stratford and Kelley, 1999) . However, to the best of our knowledge, this is the first time that a direct AcbShV-LH pathway has been implicated in reinstatement of reward seeking. Renewal-associated c-Fos induction was also detected in single-labeled AcbShV neurons which did not project to LH. Whether these single-labeled neurons are interneurons, or whether they project to targets other than LH, remains to be determined.
The second interaction observed between AcbSh and LH during renewal was recruitment of a direct AcbShDm-LH pathway. There were significantly more activated LH projection neurons in AcbShDm of group ABB compared with group ABA. This finding shows that placement in the extinction context is associated with specific recruitment of an AcbShDm-LH pathway. This is interesting because extinction of reward seeking does not erase the original learning for reward seeking. Rather, extinction training acts specifically to inhibit reward seeking in the physical and temporal context in which extinction occurs (Bouton, 2002) . In other words, the available evidence suggests that the low level of responding on test in the extinction context (group ABB) is due specifically to an active inhibition of reward seeking. The finding that an AcbShDm-LH pathway was recruited following placement in the extinction context raises the possibility that this pathway may contribute to such inhibition. The absence of an effect of B/M infusion in group ABB is not inconsistent with this possibility because such infusions might abolish both the mechanisms for inhibition and reinstatement of responding.
AcbShV was the only LH afferent with significant dual-IR c-Fos/CTb associated with renewal. Petrovich et al. (2005) showed upregulated immediate early genes in LH-projecting neurons in orbitomedial PFC, BLA, and basomedial amygdala after presentation of a stimulus paired with food. A large number of forebrain afferents to LH have been implicated in renewal of drug seeking, including BLA, dmPFC (Fuchs et al., 2005) , and AcbSh (Bossert et al., 2007; Fuchs et al., 2008) . Different afferents may converge on LH as a final common pathway for reinstating extinguished reward seeking. It will be of interest to determine whether LH contributes to other forms of reinstatement and to determine LH and AcbShV-LH pathway contributions to renewal of seeking other rewards. We have shown that LH neurons are recruited, as indexed by c-Fos, during renewal of seeking sucrose, alcoholic beer, and cocaine. However, we failed to detect recruitment of an AcbSh-LH pathway during renewal of cocaine seeking (Hamlin et al., 2008) . This might imply that a AcbSh-V-LH pathway is important in renewal based on oral rewards and that other afferents are important for renewal based on intravenous rewards. This possibility requires further experimentation but it emphasizes the point that the circuit level mechanisms for renewal may depend on the nature of the reward.
It is worth considering whether orexin mediates LH contributions to renewal. Orexin neurons have received considerable attention regarding their role in motivated behavior (Harris et al., Table 2 
. Mean and SEM (in parentheses) number of Fos/CTb-IR dual-labeled, percentages of c-Fos-IR cells expressing CTb-IR (% c-Fos), and percentages of CTb-IR cells expressing c-Fos-IR (% CTb) after CTb injection into LH or PeF
Count % c-Fos % CTb LH-ABA (n ϭ 4) LH-ABB (n ϭ 3) PeF-ABA (n ϭ 4) LH-ABA (n ϭ 4) LH-ABB (n ϭ 3) PeF-ABA (n ϭ 4) LH-ABA (n ϭ 4) LH-ABB (n ϭ 3) PeF-ABA (n ϭ 4) 2005, 2007; Harris and Aston-Jones, 2006) . LH orexin neurons are recruited during renewal of beer seeking in a D 1 -dopamine receptor dependent manner, with the extent of c-Fos/orexin dual labeling correlating positively with the magnitude of behavioral renewal (Hamlin et al., 2007) . LH orexin neurons are also recruited during reinstatement of ethanol seeking produced by an olfactory discriminative stimulus (Dayas et al., 2008) . Moreover, the orexin antagonist SB 334867 prevents cue induced reinstatement of ethanol seeking (Lawrence et al., 2006) . It remains to be determined whether an orexin antagonist prevents contextinduced reinstatement. However, AcbSh projections to LH are largely segregated from orexin neurons (Sano and Yokoi, 2007) . Moreover, LH orexin neurons are not recruited during renewal of sucrose seeking yet the present results show that LH is critical for such renewal. Together, these findings suggest LH contributions to renewal are likely to include nonorexin neurons and that if orexin is important for renewal then additional intra-LH pathways are likely to be important.
In conclusion, we have shown that LH is required for contextinduced reinstatement of reward seeking. Functional inactivation of LH before test prevented reinstatement of extinguished responding for both sucrose and alcoholic beer. The AcbSh was identified as an important LH afferent during renewal. AcbSh afferents could be classified into two groups. Context-induced reinstatement was associated with recruitment of an AcbShV -LH pathway. Return to the extinction context was associated with low levels of responding and recruitment of an AcbShDm-LH pathway. These findings show that parallel striatal-hypothalamic pathways are recruited following return to the training versus extinction contexts.
